Acid properties of protonated titanate nanotubes were investigated by comparing the catalytic properties of various titanate materials with different morphology. Titanate nanotubes with a scroll-like layered structure exhibited excellent catalytic performance for Friedel-Crafts alkylation and Beckmann rearrangement of cyclohexanone, exceeding the activities of titanate nanorods and nanosheets with similar crystal structures to that of the titanate nanotubes. The ion-exchange capacity of titanate nanorods is much larger than that of titanate nanotubes, but the ion-exchange sites (i.e. Brønsted acid sites) of titanate nanorods are located at the interspace of layered structures and strongly interact with the anionic titanate layers, i.e., the Brønsted acid sites are not exposed on the surface. FT-IR analyses and ion-exchange experiments revealed that titanate nanotubes possess both Brønsted and Lewis acid sites on the catalyst surface. In addition, the Brønsted acidity of titanate nanotubes is much higher than that of titanate nanosheets due to lattice distortion caused by scrolling of the lamellar titanate nanosheets. The synergic effect between Brønsted and Lewis acid sites is important in the high catalytic performance of titanate nanotubes for various acid-catalyzed reactions.
Introduction
Solid acid catalysts are widely used in the chemical industry because of the ease of separation from liquid products and repeated use without neutralization. In addition, the use of solid acid catalysts can minimize the emission of toxic by-products leading to environmentally benign chemical processes. Our research has focused on titanium oxide as a solid acid catalyst, because titanium is the second most abundant transition metal (ninth of all elements) in the Earth's crust and titanium oxides have been developed as versatile materials for many years due to their stability, nontoxicity and catalytic performance 1) . However, relatively few studies have been reported on the characteristics of TiO2 as a solid acid catalysis because acid strength is only moderate (H0 3) with very few acid sites 2) . Titanate nanotube is a multiwalled scroll-type openended nanotube with an inner diameter of ca. 6 nm and a layered spacing of ca. 0.7-0.8 nm, and is expected to have a layered titanate structure similar to those of H2Ti3O7, H2Ti4O9 H2O, H2Ti2O5 H2O, HxTi2-x/4 x/4O4 H2O, and H2Ti5O11 H2O, rather than that of anatase TiO2 3) 5) . Titanate nanotubes may be synthesized by the hydrothermal treatment of titania nanoparticles with aqueous NaOH solution 4), 5) . In a typical process, TiO2 powder is treated with a concentrated solution of NaOH (ca. 10 mol dm -3 ) in a Teflon-lined stainless autoclave at elevated temperatures (383-443 K) 3) . The obtained powder is then washed with water and acid aqueous solution to remove Na ions from the titanate nanotubes. The synthesis process is an inexpensive onestep reaction that requires neither expensive apparatus nor special chemicals. Titanate nanotubes have been widely employed in the design of photocatalytic systems 6), 7) , catalyst supports 8), 9) , lithium batteries 10), 11) , and photoelectrochemical cells 3) , 12) due to their unique physico chemical properties and unusual morphology. The proposed formation mechanism of the titanate nanotubes 3),13) 15) is shown in Fig. 1 . Firstly, TiO2 (starting material) is dissolved in a high concentration of aqueous NaOH solution. Next, layered nanosheets of sodium titanates are formed as intermediates. Finally, the nanosheets are folded into tubular structures and the nanotubes grow along their axis. Interestingly, a large number of acid sites (Lewis and Brønsted acid sites) are generated on the surface of the titanate nanotubes when as-prepared titanate nanotubes (sodium titanate nanotubes) are washed with acid solution. Recently, we found that protonated titanate nanotubes function as efficient solid acid catalysts 16) 19) . This review describes our recent progress in the development of titanate nanotube solid acid catalysts. Our research into the origin of the acidity focused mainly on the structural effect of titanate material on the catalytic activity.
Relationship between Structural and Acid
Catalytic Properties of Titanate Materials 2. 1. Structural Characterization of Titanate Materials Protonated titanate nanotubes were synthesized by following the reported procedure 4),5) with a slight modification. TiO2 powder and 10 M NaOH aqueous solution were placed into a Teflon-lined stainless autoclave and heated to 423 K for 20 h with stirring. The resulting white precipitate (sodium titanate nanotubes) was filtered and acid-washed until a pH value close to 7 was reached. Titanate nanorods can be obtained by similar hydrothermal treatment at 473 K for 20 h. Titanate nanotubes are formed in the temperature range 383-443 K during hydrothermal treatment and the formation of titanate nanorods usually occurs at temperatures higher than 443 K 3) . Figure 2 shows scanning electron microscope (SEM) images of titanate nanotubes, titanate nanorods, and titanate nanosheets. The titanate nanotubes consist of one-dimensional nanofibers with high aspect ratios and lengths of several micrometers. We previously demonstrated 17) that the inner and outer diameters of the nanotubes are 6 nm and 9 nm, respectively. In contrast, the titanate nanorods are formed of rectangular columns with larger diameter. For comparison, titanate nanosheets with similar crystal structure to the titanate nanotubes were prepared by exfoliation of layered titanates. Exfoliated H2Ti3O7 and H0.7Ti1.825 0.175O4 H2O nanosheets were obtained by adding alkylamine or tetra(n-butylammonium)hydroxide (TBA OH -) solution to suspensions of the layered H2Ti3O7 and H0.7Ti1.825 0.175O4 H2O in distilled water, respectively. The SEM images (Figs. 2c) and 2d) ) of the titanate nanosheets indicated that aggregation of rather loosely and irregularly stacked titanate nanosheets occurred for both the H2Ti3O7 and H0.7Ti1.825 0.175O4 H2O nanosheets. No tubular structures were present in the nanosheet materials. Figure 3 shows the X-ray diffraction (XRD) patterns for these titanate materials. Although the titanate nanotubes and nanorods were prepared from anatase TiO2 nano particles, the peaks assigned to the anatase phase completely disappeared, and broad peaks were observed at 2θ 10. . Therefore, the anatase TiO2 was completely transformed into layered titanates. In addition, the intensity of the (200) peak (2θ 10.7°), caused by the diffraction between titanate layers, was much larger for the titanate nanorods than for the titanate nanotubes. This result indicates that the number of titanate layers was much higher in the titanate nanorods than in the titanate nanotubes. Both H2Ti3O7 and H0.7Ti1.825 0.175O4 H2O nanosheets had weak and broad (200) diffraction peaks, which suggest a much less periodic layer structure than the layered titanates. These XRD patterns are very consistent with those of titanate nanotubes, indicating that these titanate materials have similar crystal structures.
Nitrogen adsorption-desorption analysis was performed to investigate the surface areas and pore size distributions of the samples. Figure 4 shows the BJH pore size distribution curves for the titanate materials. The surface areas of titanate nanotubes, titanate nanorods, H2Ti3O7 nanosheets, and H0.7Ti1.825 0.175O4 H2O nanosheets were determined to be 400, 30, 75, and 106 m 2 g -1 , respectively. The titanate nanotubes had a meso porous structure ranging from 2 to 15 nm with the peak located at ca. 6 nm. In contrast, the pore volumes of the titanate nanorod and titanate nanosheets were much smaller than that of the titanate nanotubes. The ideal surface area per unit weight of a tube (Stube), rod (Srod) and sheet (Ssheet) can be estimated geometrically from the following expressions:
where ro and ri are the outer and inner radii of the tube (or rod), d is the density of the material, l is the length of the tube (or rod), t is the thickness of the sheet, and x and y are the lengths of longitudinal and lateral directions of the sheet, respectively. Stube is calculated to be 423 m 2 g -1 for the nanotubes, using ro 4.5 nm, ri 3 nm, d 3.2 g cm -3 , and l 1500 nm, which is consist e n t w i t h t h e ex p e r i m e n t a l r e s u l t (400 m 2 g -1 ) . Therefore, the average inner and outer diameters of the titanate nanotubes were determined to be 6 nm and 9 nm, respectively. Srod is estimated to be 32 m 2 g -1 for the nanorods, using ro 20 nm, d 3.2 g cm -3 , and l 1500 nm. The estimated value is in good agreement with the experimental data (32 m 2 g -1 ). On the other hand, Ssheet is calculated to be 915 m 2 g -1 for the nanosheets, using x 100 nm, y 200 nm, d 3.2 g cm -3 , and t 0.7 nm, because the thickness of the titanate nanosheet is reported to be 0.7 nm 23) . The calculated surface areas for the titanate nanosheets were much larger than the experimental data (75 m 2 g -1 and 106 m 2 g -1 ), which indicates that certain parts of the aggregated nanosheets are not accessible by N2, probably due to the close contact between the nanosheets 24) .
Acid Properties of Titanate Materials
The nature of acid sites on the titanate material was investigated by Fourier transform infrared (FT-IR) spectroscopy with the adsorption of basic probe molecules such as pyridine and CO. Difference FT-IR spectra of the pyridine-adsorbed titanate materials (298 K) are shown in Fig. 5 . The band at ca. 1446 cm -1 was observed for all samples, which corresponds to pyridine that is coordinatively bound to unsaturated Ti 4 sites, and confirms that Lewis acid sites are present on the surface of these titanate materials 25) 27) . The broad band at 1545 cm -1 was observed for titanate nanotubes and nanosheets, which is due to pyridinium ions formed by Brønsted acid sites 25) 27) , and indicates that both Brønsted and Lewis acid sites are present on the surfaces of titanate nanotubes and nanosheets. However, the peak due to Brønsted acid sites was not detectable for titanate nanorods, which suggests that the number of Brønsted acid sites is much smaller on the surface of titanate nanorods than on other titanate materials 18) . To further investigate the difference between titanate nanotubes and nanorods, the ion-exchange capacity was measured by titration with NaCl and NaOH aqueous solutions ( Table 1) 18)
. Titanate nanotubes and nanorods immersed into NaOH aqueous solution (pH 12.7) both adsorbed a large number of Na ions. The adsorption capacity of titanate nanorods was much greater than that of titanate nanotubes despite the lower surface area, because titanate nanorods have stacked titanate layers as demonstrated by XRD (Fig. 3) . Therefore, Na ions are intercalated into the titanate layers and protons in the layered space are replaced by Na ions. In contrast, Na ions were not adsorbed onto titanate nanorods in NaCl aqueous solution (pH 5.0), which indicates that the cation-exchange sites (i.e., Brønsted acid sites) are not exposed on the surfaces. These results indicate that ion-exchange sites in the interlayer spaces of the titanate nanotubes and nanorods do not function as Brønsted acid sites, whereas such sites on the surface of the titanate nanotubes do function as Brønsted acid sites.
Adsorption of CO molecules on the acid sites, resulting in binding of CO to the cationic surface sites, stabilizes the 5σ level of CO (centered primarily on the carbon atom), which reduces the antibonding character and increases the overall bond order of the CO molecule 28) 30) . Stronger interactions between CO molecules and acid sites on a solid acid shifts the CO stretching frequency to larger wavenumber with respect to that in the gas phase (i.e. 2143 cm -1 ). Both titanate nanotube and nanosheets showed broad peaks at around 2160 cm . The former is assigned to CO on acidic OH groups, due to the presence of Brønsted acid sites on these titanate materials. The latter is assigned to CO molecules adsorbed on coordinatively unsaturated Ti . This result indicates that the Lewis and Brønsted acidities of these titanate materials are practically identical.
The acid strength of these titanate materials was evaluated using 31 P magic-angle spinning nuclear magnetic resonance (MAS NMR) measurements with trimethylphosphine oxide (TMPO) as a basic probe molecule. Adsorption of TMPO molecules on the acid sites causes decreased density of the electron cloud surrounding the 31 P nucleus neighboring the oxygen atom of the phosphine oxide proportional to the acid strength of the Brønsted acid sites, which causes the 31 P resonance peak position to shift downfield 31), 32) . Figure 6 shows 31 P NMR spectra for TMPO adsorbed on titanate materials. Both H2Ti3O7 and H0.7Ti1.825 0.175O4 H2O nano sheets exhibit broad peaks at ca. 60 ppm, which can be assigned to H -complexed (Brønsted-bound) TMPO species 33), 34) . The peak around 40 ppm observed for the H2Ti3O7 nanosheets is ascribed to physisorbed TMPO. Therefore, the Brønsted acidity of H2Ti3O7 nanosheets is identical to that of H0.7Ti1.825 0.175O4 H2O nanosheets. In contrast, an intense peak for the titanate nanotubes appears at ca. 65 ppm, indicating that the titanate nanotubes have stronger Brønsted acid sites than the titanate nanosheets. Accordingly, the strong Brønsted acidity of the titanate nanotube can be attributed to the curvature of the nanotube wall. Furthermore, the strong Brønsted acidity of titanate nanotubes is not due to the composition of the titanate materials which is identical (Fig. 3) . Therefore, the Brønsted acidity of the titanate nanotubes (65 ppm) is comparable to those of niobic acid, H Y z e o l i t e , a n d H Ti N b O5 n a n o s h e e t c a t a l y s t (65 ppm) 31 ),35), 36) , but is weaker than those of H-ZSM-5 (86 ppm) and H resin (72 ppm) 31 ), 32) . The acid strength of the titanate nanotubes was also evaluated by density functional theory (DFT) calculations. Ammonia (NH3) adsorption energies determined by DFT calculation are listed in Table 2 . NH3 molecules are adsorbed on the terminal Ti _ OH and bridged Ti _ OH _ Ti sites. In both titanate materials, NH3 adsorption energy is larger for bridged Ti _ OH _ Ti sites than terminal Ti _ OH sites, indicating that the bridging OH groups exhibit higher Brønsted acid strength than the terminal OH groups. In addition, NH3 molecules adsorbed on the OH bridging groups of the titanate nanotubes are more stable than those adsorbed on the titanate nanosheets, which suggests that the Brønsted acidity of the titanate nanotubes is higher than that of the titanate nanosheets. These findings are in good agreement with the 31 P MAS NMR results (Fig. 6) . Therefore, the strong Brønsted acidity of titanate nanotubes is attributed to the curvature of the nanotube wall. However, no noticeable differences were found in the Brønsted acid strength between the OH bridging groups on the internal and external surfaces of the nanotubes.
3. Catalytic Performance of Titanate Materials
The catalytic performances of these titanate materials were evaluated for the Friedel-Crafts alkylation of toluene with benzyl chloride in the liquid phase. The results for this reaction at 373 K and 300 K, including acid concentration, surface area, and turnover frequency (TOF) at effective Lewis acid sites, are summarized in Table 3 . This reaction is effectively promoted by Lewis acid catalysts 37) . However, use of ion-exchange resins such as Amberlyst-15 and Nafion NR50 as catalysts do not reach even 5 % yields of benzyltoluene after 1 h. In contrast, inorganic oxide catalysts such as zeolite and Nb2O5 nH2O effectively catalyze this reaction to completion within 0.5 h. These inorganic solid acids possess Lewis acid sites that are important role in determining the catalytic activity for this reaction. This reaction was also efficiently catalyzed by all titanate materials at 373 K, which suggests that unsaturated Ti 4 sites on these titanate materials act as Lewis acid sites. On the other hand, titanate nanorods and nanosheets had moderate catalytic activity at 300 K. In addition, most inorganic solid acid catalysts such as H-ZSM-5, Hβ, Nb2O5 nH2O, and SO4 2-/ZrO2 displayed negligible catalytic activity. Surprisingly, the alkylation reaction effectively proceeded over titanate nanotubes with 92 % yield of benzyltoluene at 4 h. The TOF of the titanate nanotubes is an order of magnitude higher than those of other titanate materials. Such a high catalytic performance for titanate nanotubes is attributable to the synergistic effect between Lewis and Brønsted acid sites. To confirm the promoting effect of Brønsted acid sites, Na ion exchanged titanate nanotube was used as a catalyst for the same reaction. The IR band due to Brønsted acid sites was not observed for Na -exchanged titanate nanotube, indicating that Fig. 7 . Na -exchanged titanate nanotube exhibited negligible catalytic activity for the alkylation reaction at 300 K clearly shown in Fig. 8 . Therefore, the synergy between Brønsted and Lewis acid sites is indispensable for the alkylation reaction at 300 K, and the detail of the synergy effect is shown in Fig. 9 . In the initial step of the reaction, benzyl chloride molecule is adsorbed on coordinatively unsaturated Ti 4 centers (Lewis acid sites) on the titanate nanotube. Adjacent Brønsted acid sites then attack the chlorine of the benzyl chloride, resulting in the formation of a benzyl cation and HCl. Finally, the benzyl cation reacts with toluene to form benzyltoluene, and the Brønsted acid site is subsequently recovered 17) . The Friedel-Crafts alkylation of anisole with benzyl alcohol was also examined as a test reaction to clarify the Brønsted acidity of the titanate materials. FriedelCrafts alkylation reactions are generally accepted to require Brønsted acidity if the alkylating reagent is an alcohol 37) . Figure 10 shows the formation rate of benzylanisole over various solid acid catalysts. Tibased oxide is not suitable for this type reaction because the acidity of Ti-based oxide is not so high 2) . In fact, TiO2, titanate nanorods and nanosheets show very low activity for this reaction. In contrast, titanate nanotubes have high catalytic activity comparable to H-beta zeolite, although the activity is slightly lower than that of Amberlyst 15. We further investigated the catalytic activity of the titanate nanotubes for the Beckmann rearrangement of cyclohexanone oxime in benzonitrile, which is an important acid-catalyzed reaction for the . TiO2 and titanate nanosheets exhibited low catalytic activity because the Brønsted acidity of these catalysts is not so high. In contrast, titanate nanotubes were an efficient catalyst for the reaction with activity comparable to that of H-USY zeolite. As demonstrated by 31 P MAS NMR analysis, the titanate nanotubes have similar acid strength to HY zeolite. Therefore, the Beckmann rearrangement reaction is effectively promoted by the Brønsted acid sites on the titanate nanotubes.
Conclusion
Protonated titanate nanotubes exhibited much higher catalytic activity for Friedel-Crafts alkylation than titanate nanorods and titanate nanosheets, which have similar crystal structures. This result indicates that lattice distortion due to the scrolling of titanate nanosheets may form effective Brønsted acid sites, which promote carbocation formation on the Lewis acid sites. This synergetic effect between Lewis and Brønsted acid sites results in efficient alkylation on the titanate nanotubes. In addition, titanate nanotubes also act as an efficient catalyst for the Beckmann rearrangement of cyclohexanone oxime in benzonitrile. 
